Introduction
============

Plant polyphenols are a family of naturally derived compounds that contain a high concentration of phenolic hydroxyl groups and are linked to diverse biological functions such as chemical defense, pigmentation, structural support, and prevention of radiation damage.[@cit1],[@cit2] In addition to their recent emergence as building blocks for functional materials,[@cit3]--[@cit6] plant polyphenols are highly celebrated for their complex bioactivities and antioxidant behavior. A high dietary intake of polyphenols has been linked to a reduced incidence of a number of diseases, including cancer, diabetes, osteoporosis as well as cardiovascular and neurodegenerative diseases, and several polyphenols have been investigated as therapeutics.[@cit7]--[@cit10] For instance, ellagic acid (EA) has anti-proliferative properties and has been shown effective against prostatic, breast, brain, and oral cancers in a number of *in vitro* and small-animal models.[@cit11]--[@cit16] In addition to antiproliferative effects, many polyphenols like epigallocatechin gallate (EGCG) and tannic acid (TA) have been found to have antioxidant, antibacterial, and anti-inflammatory effects.[@cit7] However, despite their impressive therapeutic effects, polyphenols suffer from a number of drawbacks which limit their clinical translation, including poor bioavailability, rapid metabolism, and poor membrane permeability. Therefore, development of an efficient delivery method for these beneficial therapeutic molecules would be a milestone in translation into the clinic.

Recently, dynamic covalent chemistry has been explored to develop hydrogels with predictable degradation and drug release kinetics that exploit the stimuli-responsive nature of the complexes formed *via* dynamic covalent chemistry.[@cit17]--[@cit19] One example is given by boronic esters formed between boronic acids and *cis*-1,2 or *cis*-1,3 diol containing molecules.[@cit20]--[@cit24] Boronic acids have been proved to be stable in biological conditions and have no or extremely little toxicity on the human body.[@cit25]--[@cit27] Moreover, the equilibrium between boronic acid and boronic ester is sensitive towards pH, temperature, and competing hydroxylated compounds present in the media,[@cit20],[@cit21],[@cit28],[@cit29] enabling the formation of novel local drug delivery systems and hydrogels with mechanical properties that are responsive to changes in pH.[@cit18],[@cit22],[@cit25],[@cit30]--[@cit35] Although boronate ester complexes are generally favored at alkaline pH, the equilibrium can be tuned by modification of the chemical structure of the boronic acid group.[@cit36]--[@cit39] Using this approach it is possible in principle to shift the equilibrium in favor of the boronate ester to neutral pH, affording the ability to form hydrogels from boronic acid derivatized polymers under physiological conditions.[@cit36] Since the polyphenols are susceptible to oxidation and oligomerization at highly alkaline pH,[@cit3] lowering the complexation pH can further result in sustained bioactivity of these molecules due to limited oxidation.

Although the high hydroxyl content and rich bioactivity spectrum of polyphenols presents a unique opportunity to form therapeutically active dynamic covalent hydrogels with boronic acid polymers, these molecules have not been widely investigated in this context. Herein we exploit the pH dependence and dynamic nature of complexes between boronic acid functionalized PEG and polyphenols as bioactive injectable hydrogels ([Fig. 1](#fig1){ref-type="fig"}). In this concept, the polyphenol functions both as cross-linker and therapeutic, forming a hydrogel by injection of a precursor solution of polymer and polyphenol that solidifies through formation of boronate ester cross-links upon neutralization to physiologic pH. The dynamic nature of the boronate ester bond provides a mechanism for latent hydrogel disassembly and release of therapeutic polyphenols into the surrounding environment.[@cit37],[@cit38],[@cit40] Numerous combinations of natural polyphenols, substituted boronic acids and PEG polymers of different architecture were screened by rheological analysis, revealing several formulations that gave rise to rapid gelation at physiologic pH. Insight into the molecular mechanics of boronic acid--polyphenol interactions was provided by measuring bond rupture forces in a pH dependent manner using single molecule force spectroscopy (SMFS). Finally, we studied the kinetics of EA release from a PEG--boronic acid hydrogel and demonstrated the *in vitro* cytotoxic effects of released EA on cancer cells.

![(a) Schematic illustration of pH responsive complexation between boronic acid functionalized PEG and polyphenols resulting in formation of a hydrogel network. The specific boronate ester formed between BA4 and EA is shown as an example only. Architectures of PEG polymers (b), and chemical structures of boronic acids and polyphenols (c) used in the experiments. Vicinal diols capable of boronate ester formation are shown in blue.](c8bm00453f-f1){#fig1}

Experimental
============

Materials
---------

4-Arm PEG (pentaerythritol core, M.W. 10 kDa) (PEG4P) and 8-arm PEG (tripentaerythritol core, M.W. 20 kDa) (PEG8T) with hydroxyl endgroups were purchased from Creative PEGWorks. PEG8T and 8-arm PEG-NH~2~ (hexaglycerol core, M.W. 20 kDa) (PEG8H) with amine endgroups were obtained from JenKem Technology. (4-(2-Aminoethyl) phenyl) boronic acid (BA1) and 3-carboxy-5-nitrophenylboronic acid (BA4) were obtained from Sigma-Aldrich. 3-Amino-5-nitrophenylboronic acid (BA2) was purchased from Alfa Aesar and 6-nitrobenzo\[*c*\]\[1,2\] oxaborol-1(3*H*)-ol was from Ark Pharm. 2,2,6,6-Tetramethyl-1-piperidinyloxy, free radical, 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), NaClO, 2-(1*H*-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), triethylamine (TEA), Pd on charcoal, *N*,*N*-diisopropylethylamine (DIPEA), *N*,*N*-diisopropylcarbodiimide (DIC), hydroxybenzotriazole (HOBt), EA, EGCG, TA, NDGA, rutin trihydrate and other polyphenols and chemicals used for PEG modification were acquired from Sigma-Aldrich. Fetal bovine serum (FBS), phosphate buffered saline (PBS) buffer, Dulbecco\'s Modified Eagle Medium (DMEM) with glutamine and pyruvate were purchased from Invitrogen. CAL-27 human squamous cell carcinoma cells were purchased from American Type Culture Collection (ATCC).

Polymer synthesis
-----------------

A modular approach was adopted whereby PEGs of different molecular weights and architectures were functionalized with four different phenylboronic acids ([Fig. 1c](#fig1){ref-type="fig"}). The p*K*~a~ values of the BAs used range from 6.9 to 9.0 based on previous studies.[@cit39],[@cit41]--[@cit45] Detailed synthesis methods and NMR spectra of all PEG products can be found in ESI (Fig. S1--S10[†](#fn1){ref-type="fn"}). PEG-OH was converted to PEG-COOH by TEMPO and NaClO and then reacted with the primary amine on BA1, BA2 and BA3 using HBTU and TEA. BA4 was linked to PEG-NH~2~ using DIPEA, DIC and HOBt.

Hydrogel formation
------------------

A typical procedure used to form hydrogels was as follows: 50 mg of polymer was dissolved in pH 7.4 PBS buffer (10 mM PO~4~^3--^, 137 mM NaCl, and 2.7 mM KCl) and mixed with solutions of polyphenol in the PBS buffer. In a few cases for polyphenols with limited solubility in water, DMSO was used to dissolve the polyphenol ([Table 2](#tab2){ref-type="table"}). The molecular ratio between boronic acid groups on the polymer chain and active diol moiety on polyphenol linker was kept constant at 1 to 1 ratio in all the experiments (we note that in the case of TA the stoichiometry is an estimate only because the structure shown in [Fig. 1c](#fig1){ref-type="fig"} is an idealized one). For selected cases, *in situ* gelation by injection was demonstrated by preparing buffer solutions of 100 mM sodium acetate/acetic acid at pHs 3.2, 4, 4.5, and 5 or 100 mM H~2~CO~3~/NaHCO~3~ (pH 8.4 and 9.9). A precursor solution of 8.3 mg PEG8H-BA4 and polyphenol (0.5 mg EA or 0.7 mg EGCG) in 25 μL DMSO was injected into 10 mL of the buffers listed above and the gelation process was recorded in videos.

###### Rheological properties of hydrogels formed from EGCG and boronic acid functionalized PEGs

  Hydrogel composition   Crossover frequency (rad s^--1^)   *G*′ at 30 rad s^--1^ (Pa)
  ---------------------- ---------------------------------- ----------------------------
  PEG4P-BA1-EGCG         19.67                              2.3 × 10^4^
  PEG4P-BA2-EGCG         2.72                               1.1 × 10^4^
  PEG4P-BA3-EGCG         7.70                               1.4 × 10^4^
  PEG8T-BA3-EGCG         3.52                               4.8 × 10^4^
  PEG8T-BA4-EGCG         0.90                               2.6 × 10^4^
  PEG8H-BA4-EGCG         0.86                               5.2 × 10^4^

###### Rheological properties and stabilities of hydrogels formed from PEG8H-BA4 and selected polyphenol cross-linkers in PBS buffer at pH 7.4

  Crosslinker                        Solvent[^*a*^](#tab2fna){ref-type="table-fn"}   Stability   *ω* [^*b*^](#tab2fnb){ref-type="table-fn"} (rad s^--1^)   *G*′ at[^*c*^](#tab2fnc){ref-type="table-fn"} (Pa)
  ---------------------------------- ----------------------------------------------- ----------- --------------------------------------------------------- ----------------------------------------------------
  Epigallocatechin gallate (EGCG)    H~2~O                                           \>60 days   0.86                                                      5.2 × 10^4^
  Ellagic acid (EA)                  DMSO[^*d*^](#tab2fnd){ref-type="table-fn"}      \>60 days   4.07                                                      1.3 × 10^4^
  Tannic acid (TA)                   H~2~O                                           \>60 days   0.70                                                      5.5 × 10^4^
  Nordihydroguaiaretic acid (NDGA)   H~2~O/DMSO                                      24 hours    5.49                                                      2.2 × 10^4^
  Rutin trihydrate (RT)              H~2~O/DMSO                                      24 hours    22.5                                                      1.6 × 10^4^
  Rosmarinic acid (RA)               H~2~O/DMSO                                      24 hours    4.44                                                      2.5 × 10^4^
  Carminic acid (CA)                 H~2~O/DMSO                                      24 hours    3.51                                                      5.1 × 10^4^

^*a*^Limited solubility of some linkers required the use of DMSO or a H~2~O/DMSO cosolvent.

^*b*^Crossover frequency.

^*c*^ *G*′ at 30 rad s^--1^.

^*d*^PEG8H-BA4-EA formed through *in situ* gelation.

Hydrogel characterization
-------------------------

Rheological properties of hydrogels were measured with a frequency sweep test (0.6 rad s^--1^ to 60 rad s^--1^ at 25 °C) using a MCR 302 Modular Compact Rheometer (Anton Paar, Ashland, VA) with a parallel plate geometry (8 mm diameter). The crossover frequencies of storage (*G*′) and loss (*G*′′) moduli, as well as the *G*′ values at 30 rad s^--1^ of each hydrogel was recorded. Qualitative stability of the gels in buffer was measured by immersing them in excess pH 7.4 PBS buffer at 37 °C. The buffer was replaced every day and the persistence of the hydrogel was confirmed visually.

AFM single molecule force spectroscopy
--------------------------------------

Glass coverslips (VWR) were cleaned in Piranha solution (H~2~SO~4~/H~2~O~2~ 70 : 30 v/v, caution: care must be taken when using Piranha solution) at room temperature for 1 hour and then rinsed extensively with Milli-Q water followed by rinsing with ethanol and dried under a stream of nitrogen gas. AFM cantilevers were also cleaned using a similar method.[@cit46] Polyphenols were dissolved and mixed with a solution of PEG-BA in buffer (pH 8.4 or 9.9); several drops (50--100 μL) of the mixture were pipetted onto glass coverslips and allowed to adsorb at room temperature for 30 minutes. The coverslips were then rinsed with buffered water and used immediately in SMFS experiments. Measurements were carried out using a JPK ForceRobot 300 (JPK Instruments AG, Germany) with a tip velocity of 2000 nm s^--1^ over a *z*-piezo distance of 400 nm. Cantilevers (MLCT from Bruker Nano Inc.) of typical spring constant of 30--60 pN nm^--1^ were used for all experiments and calibrated using the equipartition theorem.[@cit47],[@cit48] The force-extension traces were recorded and analyzed using data processing software from JPK.

Drug release measurement
------------------------

50 mg of PEG and 3 mg of EA were dissolved in 150 μL of DMSO and 50 μL of this solution was then injected into 40 mL of pH 7.4 PBS buffer to form a hydrogel. At each time point the container was centrifuged at 4000 rpm for 5 minutes and the supernatant was removed, saved for analysis, and replaced with an equal volume of the fresh PBS buffer. This procedure was carried out after the first hour and on a daily basis afterwards. The amount of EA released was measured by High Performance Liquid Chromatography (HPLC) using an Agilent Technologies 1260 Infinity instrument. The standard curve of EA was measured in solutions of known EA concentrations in 10% DMSO, 90% acetonitrile (Fig. S11[†](#fn1){ref-type="fn"}).

*In vitro* cytotoxicity
-----------------------

Human oral cancer cell line CAL-27 was used to test the *in vitro* anticancer properties of PEG8H-BA4-EA hydrogel. The measured LC50 value of EA for CAL-27 cells was 2.89 ± 0.3 μg mL^--1^ (Fig. S12[†](#fn1){ref-type="fn"}). CAL-27 cells were seeded onto 6-well plates and cultured in DMEM buffer with 10% fetal bovine serum (FBS) to reach a concentration of 10^5^ cells per ml. Then the cell culture media was replaced with 3 ml 5% FBS DMEM solution and a transwell was added on top of each well. Each of the following formulations was analyzed by the transwell experiment: 50 μL DMSO solution of 17 mg PEG8H-BA4 and 1 mg EA; 50 μL DMSO solution of 1 mg EA; 50 μL DMSO solution of 17 mg PEG8H-BA4 and 50 μL DMSO. An untreated control group was also performed by placing an empty transwell in the well. The cells were incubated in 5% CO~2~ at 37 °C incubator for two days before they were stained with ReadyProbes® cell viability image kit blue/green (Molecular Probes) for 15 minutes. After the staining, the cells were imaged using life technologies EVOS FL fluorescence microscope at DAPI (blue, live cells) and GFP (green, dead cells) channels (Fig. S13[†](#fn1){ref-type="fn"}). The survival rate of the cells was calculated based on image analysis using ImageJ.

Results and discussion
======================

Boronic acid polymer design
---------------------------

The equilibrium between boronic acid and diol is highly influenced by the pH.[@cit36]--[@cit39],[@cit49] Formation of boronate ester bonds is dependent on the p*K*~a~s of both boronic acid and diol molecules and is usually facilitated at higher pH values, often above pH 8. Through the use of chemically modified boronic acids,[@cit39],[@cit41],[@cit43]--[@cit45] it is possible to shift the p*K*~a~ to lower values and therefore drive complex formation and hydrogel stability at neutral or even slightly acidic pH. Here we exploited this strategy with branched PEGs modified with boronic acids of variable p*K*~a~ values ([Fig. 1](#fig1){ref-type="fig"}), combining these with naturally derived polyphenols to form hydrogels.

Hydrogel formation
------------------

A structural requirement guiding the selection of cross-linkers used in this study was that they should contain at least two sites for boronate ester formation, *i.e.* a combination of aromatic *ortho*-dihydroxyl groups and alkyl *cis*-diol ([Fig. 1c](#fig1){ref-type="fig"} and S14, Table S1[†](#fn1){ref-type="fn"}). Only compounds that meet this criterion would be expected to form networks by cross-linking polymers *via* boronate ester complex formation. Studies of PEG-BAs and polyphenols utilized visual inspection to quickly screen for compositions that formed gels at pH 7.4. We initially surveyed six PEG-BAs consisting of both four-arm (PEG4P) and eight-arm (PEG8T and PEG8H) polymers terminated with the four phenyl boronic acids (BA1--BA4) as shown in [Fig. 1](#fig1){ref-type="fig"}. These polymers were mixed with over 20 polyphenols, saccharides, antibiotics and dyes (Table S1 and Fig. S14[†](#fn1){ref-type="fn"}) and examined for evidence of gel formation. Visual surveys of these combinations revealed EGCG, EA, TA, RT, RA and CA as gel-forming linkers under these conditions. Other compounds listed in Table S1[†](#fn1){ref-type="fn"} did not show evidence of gel formation and were not investigated further.

Hydrogel characterization
-------------------------

The influence of polymer architecture and boronic acid p*K*~a~ was revealed in rheology experiments using EGCG as a model cross-linker in pH 7.4 buffer ([Table 1](#tab1){ref-type="table"}, [Fig. 2](#fig2){ref-type="fig"} and S15[†](#fn1){ref-type="fn"}). Typically, a low crossover frequency along with high plateau *G*′ values are indicators of a stiffer hydrogel. The rheology results reveal the dynamics of boronate ester complexes and expected trends in hydrogel stability when the p*K*~a~ value of boronic acid is changed. For example, in the case of the 4-arm PEG system, boronic acid BA1 (p*K*~a~ 9.0) had a significantly higher crossover frequency when compared to BA2 (p*K*~a~ 7.6) and BA3 (p*K*~a~ 7.2).

![Results of rheology frequency sweep test for hydrogels cross-linked with EGCG and EA at pH 7.4. (a) PEG4P-BA1-EGCG; (b) PEG8H-BA4-EGCG; (c) PEG8H-BA4-EA. *G*′ and *G*′′ represent storage and loss moduli, respectively. The storage moduli at 30 rad s^--1^ are marked.](c8bm00453f-f2){#fig2}

Additionally, the effect of polymer architecture is apparent from the low crossover frequency and high plateau storage modulus of 8-arm PEG polymers compared to 4-arm PEGs with equivalent boronic acid composition, likely due to higher crosslinking density. The influence of hexaglycerol (H) *versus* tripentaerythritol (T) core in 8-arm PEG-BAs was more subtle, as PEG8H-BA4-EGCG and PEG8T-BA4-EGCG hydrogels both had similar rheological behavior.

Most importantly, PEG8H-BA4 resulted in the lowest crossover frequencies and highest plateau *G*′ value among all of the hydrogels tested. Therefore, we selected PEG8H-BA4 for further characterization. Using PEG8H-BA4 as a polymer platform, we then conducted a more in-depth study of polyphenol cross-linkers by comparing the rheological properties and physiologic stability of hydrogels made from PEG8H-BA4 with EGCG, EA, TA, RT, RA, NDGA and CA ([Table 2](#tab2){ref-type="table"} and Fig. S16[†](#fn1){ref-type="fn"}). Hydrogels formed with EGCG, TA, or EA were stable for more than two months in excess pH 7.4 PBS buffer, while gels formed with other linkers were completely dissolved over the course of several days. In the case of EA, attempts to make hydrogels by mixing solutions of PEG8H-BA4 and EA in the PBS buffer were confounded by the poor solubility of EA at pH 7.4,[@cit50] forming precipitates of EA. We therefore employed DMSO as a solvent for EA; gels formed by injecting a DMSO solution of EA into a PBS solution of PEG8H-BA4 at pH 7.4 maintained their integrity in physiological condition for several months.

Single molecule force spectroscopy
----------------------------------

The SMFS technique has been recognized as a unique tool that enables researchers to study molecular features of noncovalent and dynamic covalent bond interactions in macromolecules.[@cit51]--[@cit53] Previous SMFS reports have shown the power of this method to study mechanical properties of proteins such as unfolding events of globular modules at the molecular level.[@cit54]--[@cit57] SMFS was performed here in order to provide more insight into molecular phenomena underlying the observed macroscopic behavior. To the best of our knowledge no molecular scale SMFS studies on the strength, reversibility, and pH dependence of these interactions have been reported. We applied the recently developed "multiple-fishhook" approach,[@cit58],[@cit59] which is based on establishing strong interactions between the polymer backbone and the substrate through physisorption and randomly picking up molecules by an unmodified cantilever, as shown schematically in [Fig. 3](#fig3){ref-type="fig"}. Using this method, we were able to probe the molecular mechanics of the boronate ester complexes formed between PEG8H-BA4 and polyphenol linker molecules at neutral and alkaline pH as indicated by a "sawtooth" pattern, reminiscent of what is observed upon unfolding of a globular protein under stretch,[@cit54]--[@cit57] in the *F*--*D* curves ([Fig. 3](#fig3){ref-type="fig"} and S17[†](#fn1){ref-type="fn"}). Nonspecific adsorption of polymer to the cantilever followed by retraction revealed multiple sequential dissociation events due to the multivalent nature of the polymers.

![Single molecule force spectroscopy experiments. Schematic of the experiments is shown in (a) with boronic acids in red and polyphenols in blue. Polymer chains are picked up through physical adsorption to the cantilever tip. Retraction of the cantilever from the surface results in sequential rupture of boronate ester cross-links which gives rise to a sawtooth-like pattern in the force--distance curve. A representative force-separation curve of PEG8H-BA4-EGCG is shown in (b), with approach curve shown in red and retraction curve in blue. The force histograms of PEG8H-BA4-EGCG and PEG8H-BA4-EA interactions are shown in (c) and (d), respectively.](c8bm00453f-f3){#fig3}

Each individual dissociation event is preceded by force-induced polymer chain extension, culminating in boronate ester bond rupture, which in turn reveals previously unloaded polymer chain segments (the so-called "hidden length"), followed by further chain extension and subsequent rupturing of additional boronate ester linkages. A worm-like chain model was used to fit the unbinding events ([Fig. 3b](#fig3){ref-type="fig"} and S17[†](#fn1){ref-type="fn"}), yielding a persistence length of ∼0.4 nm, consistent with the value for a single PEG chain reported in literature.[@cit60] This suggests that the rupture forces measured for those peaks corresponded to single molecule interactions; the histograms of these values have been plotted in [Fig. 3c and d](#fig3){ref-type="fig"}. Clearly, the mechanical stability of the dynamic covalent boronate ester bonds is higher than most noncovalent interactions, such as streptavidin--biotin[@cit61] and antibody--antigen interactions,[@cit62] similar to many metal chelation bonds,[@cit59],[@cit63],[@cit64] but weaker than typical covalent bonds.[@cit65] Therefore, boronate ester bonds are expected to provide strong intermolecular cross-linking of branched polymers to form mechanically stable hydrogels.

In scatter plots of distance to rupture *versus* rupture force (Fig. S18[†](#fn1){ref-type="fn"}) representing the accumulation of many experiments, we observed an interesting feature that has not been previously reported in the literature for SMFS of branched polymer systems. Inspection of the data clearly shows evidence of clustering of rupture events at separation distances of 42, 84, and 136 nm (calculated values corresponding to Fig. S18a[†](#fn1){ref-type="fn"}). Interestingly, the approximately 42 nm separation is essentially the same as the calculated average contour length of the PEG8H-BA4 polymer used in the SMFS experiments (details in ESI[†](#fn1){ref-type="fn"}). Within each cluster there can be seen a distribution of pull-off distances reflecting the statistical nature of the polymer. We therefore interpret the clustering of SMFS data as consistent with the molecular weight and architecture of the polymer chain that is being pulled by the cantilever, where increments of one or more PEG8H-BA4 molecules cross-linked by polyphenol bridge the cantilever and the flat surface. These data further confirm the single molecule nature of the measurements of polymer-polyphenol dissociation.

Among all the linker molecules used in the SMFS experiments, EGCG resulted in the highest mean dissociation force in the histogram of force distribution, followed by NDGA and EA (Table S3[†](#fn1){ref-type="fn"}). In addition, the probability of observing multiple rupture events was higher for EGCG compared to NDGA and EA. As discussed above and shown in Fig. S16,[†](#fn1){ref-type="fn"} hydrogels formed with EGCG have the lowest crossover frequency whereas larger values are associated with hydrogels formed with NDGA and EA. When considering the force values obtained in SMFS and taking into account the probability of observing rupture of interactions, which in fact correlates to extent of formation of such interactions, results obtained in the single molecule force measurements were in agreement with the data collected in rheology tests performed on the hydrogels formed with these linkers.

Consistent with the equilibrium described above and our general observations that aqueous mixtures of PEG-BAs and polyphenols are liquids at low pH due to a shift in the equilibrium to the dissociated state, we expected a low observation rate of boronate ester in SMFS experiments conducted at low pH values. Indeed, the pH-dependence of these interactions was confirmed in SMFS experiments, where at low pH no sawtooth pattern was observed for either EA or EGCG in thousands of force--distance curves analyzed, indicating that the complexes were not formed (data not shown). This pH dependent behavior was exploited for *in situ* gelation by injecting a slightly acidic PEG8H-BA4 and polyphenol solution into pH 7.4 PBS buffer ([Fig. 4](#fig4){ref-type="fig"}, gelation video in ESI[†](#fn1){ref-type="fn"}). We found both EA and EGCG mixed with PEG8H-BA4 can gelate upon injection into the same PBS buffer (Table S2[†](#fn1){ref-type="fn"}), which offers the opportunity to use an injectable hydrogel for localized delivery of bioactive polyphenols.

![The release of EA from PEG8H-BA4-EA hydrogel (a); a steady state release of 0.8% per day was observed after day 6. Inset shows a photograph of *in situ* gel formation upon injection of an acidic precursor solution of PEG8H-BA4 and EA into excess buffer at pH 7.4. CAL-27 cell survival rate upon exposure to PEG8H-BA4-EA gel (b). Similar survival rates were observed for both PEG8H-BA4-EA and EA groups, whereas nearly 100% survival was found for the DMSO, PEG8H-BA4, and untreated (NT) groups.](c8bm00453f-f4){#fig4}

Drug release and *in vitro* cytotoxicity
----------------------------------------

Aside from playing a crucial role in pH dependent *in situ* gelation, the dynamics of boronate ester covalent bonds allow for self-healing of the hydrogel matrix,[@cit36],[@cit66] and the opportunity for gradual release of bioactive linker and dissolution of the hydrogel. To further explore the possibility of using PEG8H-BA4 based hydrogel for drug delivery, drug release and *in vitro* cytotoxicity experiments were performed on PEG8H-BA4-EA hydrogel. One advantage of EA as a hydrogel cross-linker is its high stability toward oxidation, as EGCG and TA are more susceptible to oxidation resulting in difficulties in maintaining structural integrity and bioactivity of the hydrogel.[@cit67]--[@cit69] Additionally, the antiproliferative properties of EA have led to *in vitro* and *in vivo* investigations for cancer treatment,[@cit12]--[@cit16],[@cit70] however its poor solubility in aqueous solution limits its bioavailiability and makes delivery challenging.[@cit50] In our system, the poor solubility of EA was overcome by complexation with boronic acid functionalized polymer, thus providing a means for rapid formation of a polymer hydrogel that acts as a depot for gradual delivery of EA.

The release of EA from the hydrogel made by *in situ* gelation of PEG8H-BA4 and EA was measured over a 20-day period ([Fig. 4](#fig4){ref-type="fig"}). After 20 days of release, 65% of initial EA was released into the environment, 24% was found to remain in the hydrogel matrix, and the remaining 11% EA was unrecovered, possibly due to small fragments of hydrogel being washed away when the buffer solution was exchanged every day. Following an initial period of burst release, steady state release of approximately 0.8% every day was observed after day 6. We suspect that two general mechanisms play roles in the kinetic release of EA from the hydrogel matrix: the burst release of unbound EA molecules that are physically trapped in the hydrogel matrix, and the dissociation of dynamic covalent boronate ester bonds.[@cit37],[@cit38] During the fast *in situ* gelation, the viscosity of the solution increases rapidly, causing some free EA molecules to become physically trapped in the gel matrix without reacting with BA. We suspect that these unbound molecules are responsible for the initial rapid discharge of EA. After several days of immersion in pH 7.4 PBS buffer, most of the free EA molecules are cleared and the mode governing discharge of EA switches to steadfast dynamic boronate ester bond dissociation ([Fig. 4](#fig4){ref-type="fig"}). Since our experiments were conducted under sink conditions, the low concentration of EA in the surrounding environment drives a continuous release of the EA molecules from the matrix through slow boronate ester bond dissociation.

Finally, the anticancer bioactivity of EA released from *in situ* formed gels was assayed by exposing CAL-27 cells to PEG8H-BA4-EA gel in a transwell format. Fluorescence microscopy images of stained cells under different treatment conditions are shown in Fig. S13.[†](#fn1){ref-type="fn"} Five experimental groups were established to examine the cytotoxicity of the hydrogels developed. For each group, images were taken at different spots in the sample and cell survival was calculated by image analysis ([Fig. 4](#fig4){ref-type="fig"} and S13[†](#fn1){ref-type="fn"}). Based on the results, hydrogel-bound and free EA molecules behave quite similarly in terms of cytotoxicity, resulting in CAL-27 oral cancer cell survival rate of approximately 45% after exposure to either free EA or PEG8H-BA4-EA hydrogel. Conversely, in other experiments using only DMSO or PEG8H-BA4, no apparent cell death was observed. Due to the promising injectable physical characteristics and the biological response of cancer cells to EA released from the hydrogels, we believe that injectable boronate polymer-EA hydrogels are candidates for further study in the context of cancer therapy.

Conclusions
===========

The PEG-BA polymers synthesized here can be utilized in combination with several natural polyphenols as *in situ* forming injectable hydrogels. The polymer gel is held together by dynamic boronate ester bonds formed spontaneously at physiologic pH. Among the polyphenol linkers investigated in this study, ellagic acid (EA), epigallocatechin gallate (EGCG) and tannic acid (TA) were capable of forming stable hydrogels in physiological condition, and PEG8H-BA4-EA hydrogel in particular displayed potential for *in situ* gelation for oral cancer treatment. In addition to reports on bioactivity of EA, there have been many studies on the possible therapeutic effects of TA and EGCG. Thus, the concept of hydrogel networks exploiting these molecules as dual cross-linker and therapeutic may lead to additional possibilities.
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